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Abstract—When grid-forming droop control strategies
are implemented in grid-connected power converters, two
control strategies are widely used; the single-loop and
multi-loop droop controls. However, only multi-loop droop
control strategies with inner control loops have been im-
plemented in doubly-fed induction generator (DFIG)-based
wind turbines so far. This paper proposes the application of
a single-loop droop control strategy to a DFIG wind turbine,
which has not been previously explored or implemented.
As shown in the paper, the application of the conventional
droop control without inner control loops to DFIG-based
wind power systems does not ensure a stable response.
After modeling the system dynamics and evaluating its
stability, two causes of instability have been identified; a
resonance at the rotor electrical frequency relevant at high
slips, and a phase margin reduction at low slips. To solve
these instability issues two control solutions are proposed;
the emulation of a virtual resistor, and a phase rotation.
The proposed control strategy allows stabilizing the system
and achieving a fast and damped dynamic response. The
effectiveness of the proposed control strategy is validated
by experimental results.

Index Terms—Doubly-fed Induction Generator (DFIG),
Control design, Droop Control, Grid-forming, Stability Anal-
ysis.

I. INTRODUCTION

Synchronous generators (SGs) of conventional fossil-fuel
power plants have been responsible for controlling the power
grid since its inception. However, in the coming years, these
generators will be gradually replaced by renewable energies
(RREE) such as wind power, which, along with photovoltaic,
is set to lead the transition towards a generation system based
on renewable energy sources [1].

Doubly-fed induction generator (DFIG)-based wind turbines
are the most prevalent technology in onshore wind farms [2].
As RREE, such as DFIG-based wind farms, replace SGs, grid
strength and stability may be put at risk. This is due to the
fact that most grid-connected power converters are controlled
as current sources, in what is known grid-following (GFL)
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mode, under the assumption that the grid is a stiff voltage
source. As a result, they do not contribute to system strength
and stability. System strength denotes the resilience of the
voltage waveform to withstand disturbances, so when system
strength is reduced, stability issues are more likely to arise
[3]. If a power converter operates in GFL mode, the voltage
that the converter imposes is distorted during grid transients
in order to regulate the current waveform. Therefore, GFL
power converters reduce system strength. In recent years, the
development of grid-forming (GFM) control strategies has
attracted particular interest [4]–[6]. In contrast to GFL power
converters, GFM power converters behave as voltage sources
that regulate the grid voltage and frequency. These converters
can enhance the power system strength by imposing a voltage
waveform resilient to grid transients.

Among GFM control strategies, droop control is widely
known [7], [8]. In droop-controlled grid-connected power
converters generally two control loops are included; an active
power-frequency loop (P-ω) and a reactive power-voltage loop
(Q-V), which adjust the phase angle and amplitude of the con-
verter output voltage, respectively. When GFM droop control
strategies are implemented in grid-connected power converters,
whether in photovoltaic, battery storage or full-converter wind
power systems, two similar droop controls are widely used; the
single-loop, i.e., without inner loops, and multi-loop, i.e., with
inner loops, controls. In [9] a comprehensive comparative
study is conducted to understand the fundamental differences
between these two basic controls. Although being very similar,
the results of the study show that the single-loop droop control
has a larger small-signal stability limit, while the multi-loop
droop control is prone to be less damped and loses stability
more easily under some circumstances.

The single-loop droop control, has shown certain advantages
in terms of small signal stability when is applied to grid-
connected power converters. However, when droop control
strategies are applied to DFIG wind turbines, multi-loop
control strategies with inner control loops have always been
implemented so far. In [10]–[13] the indirect stator flux
orientation (ISFO) based droop control is implemented. Two
outer control loops, a P-ω droop control and a Q-V droop
control, determine the stator frequency and voltage amplitude,
respectively. Then, the stator voltage is controlled by the
stator voltage control loop that regulates the excitation current
and provides the d-axis rotor current reference for an inner
current control loop. The q-axis reference is adjusted so that
the stator flux at the q-axis is zero. Thus, the stator flux is
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Fig. 1. Grid-connected DFIG wind turbine.

oriented along the d-axis. In [14] two outer droop control
loops that generate the reference stator frequency and voltage
amplitude are also implemented, but in this case a cascade
voltage and current control is implemented. The stator voltage
control loops determine the references for the inner rotor
current control loops that adjust the rotor voltage to track these
references.

Unlike the conventional approach where inner control loops
are typically used, this paper proposes the application of a
single-loop droop control strategy to a DFIG wind turbine,
which has not been previously explored or implemented.
However, as it is demonstrated in [1], the application of the
conventional droop control without inner control loops to
DFIG-based wind power systems does not ensure a stable
response. System dynamics is especially influenced by the
machine’s rotational speed, and in most operating points the
system response is unstable. Therefore, the conventional droop
control strategy should be adapted to the specific character-
istics of DFIG wind turbines in order to achieve a stable
response.

This paper further develops the work presented in [1],
where a single-loop droop control strategy is proposed to
provide DFIG-based wind turbines with GFM characteristics.
On the one hand, this paper proposes the implementation of a
transient phase rotation to stabilize the system. This transient
phase rotation stabilizes the system and decouples the control
loops in steady state, which overcomes the limitations of the
control proposed in [1] due to the coupling introduced in
steady state. On the other hand, in this paper the influence
of grid strength on system stability is analyzed, and the
robustness of the proposed control strategy to grid strength
variations is verified. Additionally, the performance of the
proposed single-loop droop control strategy under load vari-
ations and unbalances is compared with a multi-loop control
method applied to DFIG wind turbines. Finally, the proposed
control strategy is validated through experimental results, and
the capability of the proposed control to provide frequency
support under grid frequency variations is demonstrated.

The paper is organized as follows. Section II describes
the system under study and the single-loop droop control to
be implemented. In Section III system stability is evaluated
and the causes of instability are identified. In Section IV, the
control solutions to stabilize the system response are proposed,
and an optimization process to adjust the optimal control

parameters is carried out. In Section V the proposed control
solutions are validated in an experimental setup. Finally, the
conclusions are drawn in Section VI.

II. SYSTEM DESCRIPTION

The system under study, illustrated in Fig. 1, represents a
grid-connected DFIG wind turbine. The rotor-side converter
(RSC) is connected directly to the rotor and is responsible
for controlling the stator active and reactive power. The grid-
side converter (GSC) is connected to the stator terminals via
the inductor, LGSC . The GSC regulates its output current,
iGSC , in order to provide a stable voltage, vDC , in the DC-
link capacitor, CDC . The wind turbine is connected to the
grid at the point of common coupling (PCC) through a step-
up transformer, which is modeled by a leakage inductance Lt.
The grid is modeled as an ideal voltage source and a series
inductor Lg . The voltages vs and vg represent the stator and
grid voltages, and the currents is, ir, and ig the stator, rotor,
and grid currents, respectively.

The system is controlled in the synchronous reference frame
or dq-axis by aligning the rotor voltage along the d-axis.
In the GSC a GFL control is applied, while in the RSC a
single-loop droop control, i.e., without inner control loops, is
implemented. The droop control strategy is depicted in Fig. 2.
On the one hand, the Q-V control loop regulates the module
of the RSC output voltage. A PI controller, with a proportional
gain Kp and integral time constant Tn, provides an increase in
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the rotor voltage magnitude, ∆vr, to correct the reactive power
error, ϵQ, computed as the difference between the reference
reactive power, Qs,ref , and the measured reactive power,
Qs,meas. This increase is added to the rotor reference voltage,
Vr,ref , obtaining the rotor voltage in the d-axis, vrd,ref . The
q component of the rotor voltage, vrq,ref , is zero so that the
rotor voltage is oriented along the d-axis of the dq rotating
frame.

On the other hand, the P-ω control loop regulates the
frequency and phase of the rotor voltage to synchronize the
converter with the grid. The P-ω control loop provides a
frequency increase, ∆ω, proportional to the active power error,
ϵP , computed as the difference between the reference active
power, Ps,ref , and the measured active power, Ps,meas, and
to the P-ω droop coefficient, mp. Similarly to synchronous
machines’ droop, the mp coefficient represents the rate be-
tween the per unit frequency deviation, ∆f /fn, and the per unit
power increment, ∆P /Pn. This frequency increase is added
to the reference frequency ωref , which is equal to the grid
nominal frequency, to obtain the dq-axis rotational speed, ω.
Then, by integrating ω, the angle θ is obtained. This angle
defines the position of the dq rotating axis over a stationary
reference frame with respect to the stator and it is used for
the Park transformation of the stator variables. The angle θr
required for the Park transformation of the rotor variables
depends on the position of the rotor, θm, that is measured
by the DFIG shaft encoder. By applying the inverse Park
transformation, [P−1(θr)], the instantaneous rotor voltages,
vr,ref , that the RSC will modulate, are obtained. The stator
active and reactive powers are calculated by means of the
filtered measurements of the stator voltages and currents in
dq-axis, vsdf , vsqf , isdf and isqf .

It should be noted that the active power reference would
be determined by a MPPT algorithm. Under normal operating
conditions, when the grid frequency is at its nominal value, the
output power tracks the MPPT power setpoint. However, when
the grid frequency deviates from the nominal value, the output
power automatically varies to correct that frequency variation.
An operation based on the MPPT would not provide additional
power during frequency drops. Therefore, if frequency support
is desired during frequency drops, it is necessary to have some
form of energy storage or operate below the maximum power
point to have a power reserve available.

As indicated in [15], [16], the GSC has minimal impact
on small-signal stability. Therefore, when evaluating system
stability its influence is neglected.

III. STABILITY ANALYSIS

In order to implement the single-loop droop control strategy
represented in Fig. 2, an initial stability analysis is conducted
using the small-signal model proposed in [17]. The block
diagram representation of this model is depicted in Fig. 3.
This model is based on the Park’s vector approach and
models the DFIG and its interaction with the RSC droop
control, obtaining a Multiple-Input Multiple-Output (MIMO)
dynamic model that accurately reproduces system stability and
dynamics. The model is linearized around an operating point

determined by the machine’s rotational speed and the active
and reactive power level. As shown in Fig. 3, the Q-V control
loop regulates the rotor voltage amplitude, ∆vrd, to correct the
reactive power error, ϵQ, while the P-ω control loop adjusts the
frequency, ∆ω, and phase angle, ∆θ, according to the active
power error, ϵP . The DFIG + Grid block represents the plant
of the system and models the dynamics of the stator voltages
and currents, ∆vsdq and ∆isdq , which are filtered by an analog
low-pass filter, [LPAF (s)], and used by the [PQ] block to
model the dynamics of stator active and reactive powers. The
block Dconv(s), included in the control diagram, models the
delays introduced by the power converter, the computation
delay of the DSP and the effect of the zero-order hold, which
represents the PWM converter.

After implementing the model in MATLAB, the stability
of the system has been analyzed considering the system
parameters defined in Table I. The P-ω droop coefficient,
mp, is defined by grid codes, so the P-ω control loop is
already adjusted. In order to adjust the parameters of the
PI controller, Kp and Tn, the system stability is analyzed
by means of the Multiple-Input Multiple-Output Generalized

Fig. 3. Block diagram representation of the small-signal model used to
analyze system stability.

TABLE I
SYSTEM PARAMETERS

Parameter Magnitude
Grid

SB = 2 MVA, Ug = 20 kV , Fg = 50 Hz

Line reactance 0.0995 p.u.
Line resistance 0.01 p.u.

Wind turbine transformer
SB = 2 MVA, 20/0.69 kV

Reactance 0.085 p.u.
DFIG (referred to stator)

SDFIG = 2 MVA, UDFIG = 690 V
Rotor resistance 0.0018 Ω
Rotor leakage inductance 76.3 µH
Stator resistance 0.0032 Ω
Stator leakage inductance 161 µH
Mutual inductance 0.0025 H
Pole pairs 2

Power converter control parameters
Sampling frequency 5.7 kHz
P-ω droop coefficient 0.05 p.u.
PI proportional gain 4e-5 V/VAr
PI integral time constant 0.01 s
Cut-off frequency of low-pass analog filters 1500 Hz
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Bode Criterion (MIMO-GBC), derived from the generalized
Nyquist stability criterion [18]. This theory allows to analyze
the stability of any MIMO system, such as the 2x2 dynamic
model obtained for a DFIG wind turbine controlled in the
synchronous reference frame, through the Bode diagram of the
open-loop transfer function matrix eigenvalues. According to
the MIMO-GBC, the number of closed-loop unstable poles, Z,
is equal to the number of open-loop unstable poles, P , minus
the total number of ±m180 degrees crossings (m odd integer)
with positive magnitude counted in the Bode diagram of all the
system open-loop eigenvalues, C+ (crossings with increasing
phase), C− (with decreasing phase) and C0 (at 0 Hz)

Z = P − [2(C+ − C−) + C0]. (1)

The design objective is to obtain a cut-off frequency of
10 Hz and a minimum phase margin of 30 degrees in the
eigenvalue linked to the Q-V control loop. As an example,
the PI is adjusted at synchronism, i.e., at 1500 rpm. For
this purpose, a time constant, Tn, equal to 0.01 s, and a
proportional gain, Kp, equal to 4e-5 V/VAr are set. In Fig. 4
the Bode diagram of the open-loop transfer function matrix
eigenvalues, that correlate output active and reactive powers,
Ps,meas and Qs,meas, with power errors, ϵP and ϵQ, is
represented for the synchronous speed. As shown in Fig. 4,
with the tuned PI controller, the eigenvalue λ1 (blue), linked
to the P-ω loop, has a cut-off frequency of 1.34 Hz and a phase
margin of 33.5 degrees, while the eigenvalue λ2 (orange),
linked to the Q-V loop, has a cut-off frequency of 10.7 Hz
and a phase margin of 35.6 degrees. As can be observed,
there is no -180 degree crossing with positive magnitude in
the phase diagram of the eigenvalues, so, according to (1),
as the system has no open-loop unstable poles (P = 0), the
closed-loop system has no unstable poles, Z = 0. Therefore,
the system is stable at 1500 rpm.

After tuning the PI controller and proving that the system
is stable at 1500 rpm by means of the MIMO GBC theory,
the stability of the system over the entire operating speed
range of the machine is analyzed. For this purpose, the
closed-loop poles of the system at different slips are obtained.

1.34 Hz

10.7 Hz

MF = 33.5 Hz MF = 35.6 Hz

x

xx

x

Fig. 4. Bode diagram of the open-loop transfer function matrix eigenval-
ues at Ωm=1500 rpm.
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Fig. 5. Evolution of the closed-loop poles with the machine’s rotational
speed.

The slip is defined as slip = (Ωs − Ωm)/Ωs, where Ωs is
the synchronous speed and Ωm is the machine’s rotational
speed. The slip varies between -30% and +30%. The grid
nominal frequency, f0, is 50 Hz and the machine has two
pole pairs. Therefore, the operating speed varies from 1050 to
1950 rpm. Fig. 5 shows the evolution of the closed-loop poles
with the machine’s rotational speed. Below synchronism, i.e.,
at positive slips, the poles are plotted in blue, while above
synchronism, i.e., at negative slips, they are represented in red.
As shown in Fig. 5, the system is unstable across all operating
speeds, except in a narrow range of rotational speeds between
1493 and 1528.

In order to identify the causes of instability, the eigenvalues
of the open-loop transfer function matrix are analyzed in the
frequency domain for a rotational speed far from synchronism,
i.e., at high slips, and for a rotational speed close to synchro-
nism, i.e., at low slips. On the one hand, as shown in Fig. 6
(solid lines), at 1050 rpm, there is a resonance at 15 Hz. This
frequency corresponds to the rotor electrical frequency, fr. As
mentioned above, the grid nominal frequency, f0, is 50 Hz, and

15 Hz

1.4 Hz

Fig. 6. Bode diagram of the open-loop transfer function matrix eigenval-
ues at Ωm=1050 rpm (solid lines), and at Ωm=1470 rpm (dashed lines).
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at 1050 rpm the slip = +0.3, so the rotor electrical frequency,
fr = slipf0, is 15 Hz. Therefore, the frequency at which this
resonance occurs will vary with the machine’s rotational speed.
Due to this resonance, there is a -180 degree crossing with
positive magnitude and decreasing phase (C− = 1), marked
by the orange dot, in the phase diagram of the eigenvalue
λ2, that introduces two closed-loop unstable poles, Z = 2.
On the other hand, as observed in Fig. 6 (dashed lines), at
1470 rpm, this resonance is almost damped. However, the -180
degree crossing with positive magnitude and decreasing phase
(C− = 1), marked by the orange dot, still occurs around the
rotor electrical frequency, 1 Hz in this case, due to the phase
margin reduction of the eigenvalue λ2. As a result, the closed-
loop system still has two unstable poles, Z = 2.

In conclusion, there are two causes that contribute to sys-
tem instability. Firstly, the resonance at the rotor electrical
frequency, relevant at rotational speeds far from synchronism,
i.e., at high slips. Secondly, the phase margin reduction at
rotational speeds close to synchronism, i.e., at low slips. It is
therefore evident that the conventional droop control without
inner control loops must be adapted in order to be applicable
to DFIG wind turbines. The control strategy proposed for this
purpose is presented in the following section.

IV. PROPOSED DROOP CONTROL STRATEGY

As demonstrated in the preceding section, there are two
causes of instability; a resonance at high slips, and a phase
margin reduction at low slips. In order to apply a single-loop
droop control in a DFIG wind turbine, two control solutions,
depicted in red in Fig. 7, are proposed. The first solution
involves the emulation of a virtual resistor that damps the
resonance at the rotor electrical frequency, solving the first
cause of instability. To solve the second cause of instability, a
rotation that increases the phase margin in the most restrictive
eigenvalue is applied.

A. Virtual Resistor Emulation
As shown in Fig. 6 (solid lines), at high slips, there is

a resonance at the rotor electrical frequency that destabilize
the system. To damp this resonance, a possible solution
is to increase the machine’s resistance value. This can be
achieved by adapting the control to emulate a virtual resistor,
as suggested in [19].

The basic idea involves modifying the RSC voltage in
relation to the current. As shown in red in Fig. 7, the RSC
voltage references, vrd,ref and vrq,ref , are adjusted based on
the stator current measurements, isdf and isqf , proportionally
to the virtual resistor, [Rv]. Including this virtual resistor may
result in an error in the steady-state reference voltage. To avoid
this, a high-pass filter, HPFRv(s), is incorporated. As the
resonance moves with the rotor electrical frequency, the high-
pass cut-off frequency is variable and equal to ωc,HPFRv

(s) =
|2πfr|/10 rad/s.

As can be seen in Fig. 8, the emulation of a virtual resistor
Rv = 0.1 p.u. at 1050 rpm damps the resonance at 15 Hz.
This way, the -180 degree crossing with positive magnitude is
avoided and the system is stabilized.

B. Transient Phase Rotation
As shown in Fig. 6, at low slips, this resonance is almost

damped, and, as can be seen in the Bode diagram of Fig. 9
(solid lines), the emulation of a virtual resistor does not allow
stabilizing the system. There are three -180 degree crossings
with positive magnitude, one with increasing phase (C+ = 1)
and two with decreasing phase (C− = 2), that introduce two
unstable closed-loop poles.

Nevertheless, these crossings only occur in the eigenvalue
λ2, whereas the eigenvalue λ1 has a sufficiently high phase
margin. Therefore, by introducing a rotation in the open-loop
transfer function matrix, the phase of the eigenvalue λ2 can be
increased and this -180 degree crossings can be avoided [20].
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Fig. 8. Bode diagram of the open-loop transfer function matrix eigenval-
ues at Ωm=1050 rpm with Rv = 0.1 p.u.

To achieve this, the application of a transient phase rotation
is proposed. The implementation of this transient phase rota-
tion is depicted in Fig. 10. The power errors are filtered by
a high-pass filter, HPFϵPQ

(s), and then they are rotated by
αR. This way, the rotation acts only on transients to stabilize
the system response, and, in steady state, the power errors are
decoupled, thus allowing to provide frequency support and
ensuring reactive power tracking. The cut-off frequency of
the high-pass filter is set to ωc,HPFϵPQ

= 2π rad/s since the
instability at low slips is produced at low frequency, in this
case, as shown in Fig. 9, at 2.5 Hz.

As can be observed in Fig. 9 (dashed lines), applying a 60
degree rotation at 1470 rpm, the phase of the eigenvalue λ2

increases avoiding the -180 degree crossing at 2.5 Hz and,
thus, the system is stabilized.

C. Optimal control parameters

The system response can be stabilized at all rotational
speeds by the combination of the virtual resistor and phase
rotation. In order to achieve an improved response, for each
operating point, these control parameters are adjusted through
an optimization process. The objective of this optimization
process is to minimize the root mean square error (RMSE) in
the active and reactive power step response. In other words,
the active and reactive power response is optimized in terms of
overshoot and settling time. The objective function is defined
in (2).

fobj = min(RMSEP +RMSEQ), (2)

where

RMSEP =

√√√√ N∑
k=1

(Ps,meas(k)− Ps,ref (k))2/N), (3)

RMSEQ =

√√√√ N∑
k=1

(Qs,meas(k)−Qs,ref (k))2/N), (4)

2.5 Hz
0.35 Hz

0.01 Hz

Fig. 9. Bode diagram of the open-loop transfer function matrix eigenval-
ues at Ωm=1470 rpm, with Rv = 0.1 p.u. (solid lines), and αR = 60◦

(dashed lines).

Fig. 10. Proposed transient phase rotation block diagram.

where (Ps,meas(k)−Ps,ref (k)) and (Qs,meas(k)−Qs,ref (k))
are the deviations of the active and reactive power time re-
sponse with respect to the active and reactive power references
at sample k, and N is the sample size.

This way, for each rotational speed and for each active and
reactive power level, the optimal virtual resistor and phase
rotation values, that minimize (2), are obtained. Therefore, the
virtual resistor and phase rotation values are adaptive, i.e., for
each operating point they have a different value. In Fig. 11 the
optimal virtual resistor and phase rotation values for rotational
speeds of 1050 and 1470 rpm are represented as a function of
the active and reactive power. As can be seen in Fig. 11 (a),
the resistance required at 1050 rpm is higher at all power levels
compared to the resistance needed at 1470 rpm. Likewise, at
both 1050 rpm and 1470 rpm, the required resistance value
is higher as the active and reactive power levels increase.
Regarding rotation, as can be observed in Fig. 11 (b), at
1050 rpm the required phase rotation increases as the active
power level increases. In contrast, at 1470 rpm the rotation
is more influenced by the reactive power level. Thus, at low
reactive power levels a higher rotation is required at 1470 rpm,
but as the reactive power level increases the required rotation is
similar at both rotational speeds, and even higher at 1050 rpm.

Once the control parameters are adjusted, in Fig. 12 the evo-
lution of the closed-loop poles with the machine’s rotational
speed is plotted again. As can be proved, there are no closed-
loop poles with positive real part, so the system is stable over
the whole operating speed range.
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Ω𝑚 = 1050 rpm

Ω𝑚 = 1470 rpm

(a)

Ω𝑚 = 1470 rpm

Ω𝑚 = 1050 rpm

(b)

Fig. 11. Optimal control parameters as a function of active and reactive
power for Ωm=1050 rpm (opaque surface), and Ωm=1470 rpm (semi-
transparent surface): (a) virtual resistor, Rv , and (b) phase rotation, αR.

D. Influence of grid impedance on system stability

To ensure system stability, the influence of system parameter
variations on system stability must be analyzed. The system
parameter that is unknown and may experience the largest
variation is the grid inductance. The grid inductance is in-
versely proportional to the short circuit ratio (SCR) which
is an indicator of the grid strength. In Fig. 13 the evolution
of the closed-loop poles as a function of the SCR is plotted
for Ωm=1050 rpm (blue), and Ωm=1470 rpm (red). As can be
seen, the system remains stable in both strong and weak grids,
even with a SCR equal to 1. Therefore, it is shown that the
proposed control strategy is robust to grid strength variations.

E. Single-loop vs multi-loop droop control

Now, the performance of the proposed single-loop droop
control strategy is compared with a classical multi-loop control
method applied to DFIG wind turbines.

For this purpose, the test system shown in Fig. 14 has been
developed in MATLAB/Simulink, and the performance of
both single-loop and multi-loop droop control strategies has
been analyzed through simulation. The system consists of a
synchronous generator and a DFIG wind turbine connected
through an electrical line feeding a variable resistive load,
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Ωm < Ωs

Ωm > Ωs

Fig. 12. Evolution of the closed-loop poles with the machine’s rotational
speed after implementing the proposed control strategy.
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Fig. 13. Evolution of the closed-loop poles with the SCR at
Ωm=1050 rpm (blue), and at Ωm=1470 rpm (red).

Rload. The SG together with the transformer, modeled by
Xt,SG equal to 0.1 p.u., and the line reactance, XL,SG,
models the grid to which the DFIG wind turbine is connected
through the step-up transformer, modeled by XtDFIG

equal to
0.085 p.u., and the line reactance XLDFIG

equal to 0.1 p.u.
It should be noted that the line reactance, XL,SG has been
considered variable to simulate points near or far from the
power grid. The SG is modeled with an alternator, an excita-
tion system and a speed and steam turbine regulation system,
whose models and parameters are specified in the Technical
standard for monitoring the compliance of power generating
modules according to EU Regulation 2016/631. The alternator
is a smooth rotor SG. The excitation system is represented
by the IEEE model type ST1 (according to IEEE standard
421.5) and the speed and steam turbine regulation system is
represented by the IEEE model type 1 (IEEEG1).

In this scenario, the response of the DFIG wind turbine to
load variations and unbalances has been analyzed when the
proposed single-loop droop control and a multi-loop droop
control strategy are implemented. More specifically, the pro-
posed single-loop droop control strategy has been compared
with the indirect stator flux orientation (ISFO)-based droop
control applied in [10]–[13].
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Firstly, the response of the DFIG wind turbine to load
variations has been analyzed. A variation in the power de-
manded by the load has been simulated, and the evolution
of the power generated by the DFIG wind turbine has been
compared with both control strategies. As shown in Fig. 15,
at the beginning of the simulation, a resistive load of 1 p.u.
is connected, demanding an active power of about 1 p.u., and
both the SG and the DFIG wind turbine generate an active
power of about 0.5 pu. At 30 s, a three-phase resistive load of
5 p.u. is connected in parallel increasing the power demand
by 20%. As can be observed, the response provided by both
single-loop and multi-loop droop control strategies to this load
variation is practically identical. This is because both controls
implement the same synchronization loop with the same droop
coefficient. Additionally, both the SG and the DFIG increase
the generated power in the same ratio since they have the same
droop. However, the SG exhibits a slower response due to the
slow dynamics of the steam turbine.

Fig. 14. Developed test system to compare single-loop vs multi-loop
droop control performance under load variations and unbalances.

(a)

(b)

Fig. 15. SG and DFIG power response to a load variation: (a) applying
the proposed single-loop droop control, and (b) applying the multi-loop
droop control.

TABLE II
INVERSE SEQUENCE DFIG CURRENT AND LOAD VOLTAGE

XL,SG (p.u.) I−DFIG (p.u.) V −
load (p.u.)

Single-loop control
0.1 0.0465 0.0140
0.4 0.0539 0.0162

Multi-loop control
0.1 0.0341 0.0173
0.4 0.0426 0.0208

Secondly, the performance of both control strategies under
unbalanced loads has been analyzed. The connection of a
resistive load in one of the phases has been simulated and
the inverse sequence stator current of the DFIG, I−DFIG, and
the inverse sequence voltage of the load, V −

load, have been
obtained. The simulation results are provided in Table II. In
these simulations the impact of grid strength on the supply of
inverse sequence currents has been observed. In a strong grid,
with XLSG

equal to 0.1 p.u., most of the inverse sequence
current is supplied by the SG since it has a lower inverse
sequence impedance. Consequently, the differences between
the two control strategies are relatively small. When applying
the proposed single-loop droop control strategy the inverse
sequence voltage of the load is 0.0140 p.u., while with the
multi-loop droop control strategy it is 0.0173 p.u.

However, in a weak grid, with XLSG
equal to 0.4 p.u.,

higher differences can be observed. In weak grids, the gen-
eration units closer to the loads are responsible for supplying
the inverse sequence current required by unbalanced loads. In
this scenario, it can be seen that the single-loop droop control
proposed in this paper exhibits a lower inverse sequence
impedance, providing a higher inverse sequence current and
resulting in a lower distortion in the load voltage. As shown in
Table II, with the proposed single-loop droop control strategy
the inverse sequence voltage of the load is 0.0162 p.u., while
with the multi-loop droop control strategy it is 0.0208 p.u.
This may be one of the advantages of the proposed single-
loop droop control over the multi-loop droop control.

V. EXPERIMENTAL RESULTS

The proposed single-loop droop control strategy is validated
through experimental results in the experimental setup shown
in Fig. 16. The setup is formed by a doubly-fed induction
generator connected to a permanent magnet servomotor used
as driving machine. The rotor windings are directly connected
to a three-phase two-level power converter, whereas the stator
is connected through a series inductor to the Cinergia GE&EL-
30 grid emulator. DFIG and converter control parameters
are provided in Table III. The DC bus of the converter is
powered by the AMETEK SPS400x75-K12D DC voltage
source. The power converter is controlled by means of a
dSpace DS1104 and the results captured with the oscilloscope
Tektronix MDO3054.

As a previous step to analyze the effectiveness and per-
formance of the proposed control strategy, the stator voltage
and current waveforms captured with the oscilloscope have
been checked. Fig. 17 shows the stator voltage and current
waveforms when a step from 0 W to 500 W is introduced in
the active power reference operating at 1050 rpm. In yellow the
RS line voltage is represented and in blue the R phase current.
As can be seen, both voltage and current have a sinusoidal
waveform with low THD.

To prove the effectiveness of the proposed control strat-
egy, the active power evolution is analyzed as the proposed
control solutions are disabled. Fig. 18 (a) and Fig. 18 (b)
show the active power evolution at 1050 rpm and 1470 rpm,
respectively, when the proposed control solutions are activated
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Oscilloscope

Power 
converter

DC voltage 
source

DFIG

Fig. 16. Experimental setup formed by a three-phase power converter
connected to the rotor of a doubly-fed induction generator.

Fig. 17. Stator voltage and current waveforms.

and deactivated. At the beginning of the test, when the virtual
resistor and the phase rotation are enabled, it is observed how
the active power perfectly tracks its reference, 1000 W at
1050 rpm and 2000 W at 1470 rpm. However, when both
the virtual resistor and phase rotation are disabled at 4 s,
the system is destabilized and the converter protections are
triggered to avoid overcurrents. These results show how the
virtual resistor and phase rotation stabilize the system proving
the effectiveness of the proposed control strategy.

TABLE III
TEST BENCH PARAMETERS

Parameter Magnitude
Grid

Ug = 200 V , Fg = 50 Hz

Line inductance 2.2 mH
DFIG (referred to stator)

SDFIG = 5 kVA, UDFIG = 200 V
Rotor resistance 1.1 Ω
Rotor leakage inductance 2.2 mH
Stator resistance 1.3 Ω
Stator leakage inductance 5.7 mH
Mutual inductance 43.7 mH
Pole pairs 2

Power converter control parameters
Sampling frequency 5 kHz
P-f droop coefficient 0.05 p.u.
PI proportional gain 0.004 V/VAr
PI integral time constant 0.01 s
Time constant of low-pass analog filters 3.10−5 s

(a)

(b)

RV and Rot
enabled

RV and Rot
disabled

RSC protections
triggered

RV and Rot
enabled

RV and Rot
disabled

RSC protections
triggered

Fig. 18. Active power evolution disabling the proposed control solutions
at 4 s: (a) at Ωm=1050 rpm, and (b) at Ωm=1470 rpm.

Now, the performance of the proposed control strategy is
validated in terms of active and reactive power reference
tracking. For this, the power step response obtained in the test
bench is compared to the step response of the simulation model
built in MATLAB/Simulink. Fig. 19 and Fig. 20 show the
active and reactive power evolution at 1050 rpm and 1470 rpm,
respectively. In Fig. 19 (a) the active and reactive power is
represented when a step from 0 W to 1000 W is introduced
in the active power reference at a unit power factor, while in
Fig. 19 (b) the active and reactive power is represented when
a step from 0 VAr to 1000 VAr is introduced in the reactive
power reference keeping the active power reference at 1000 W.
In Fig. 20 (a) the active and reactive power is represented
when a step from 1000 W to 2000 W is introduced in the
active power reference operating at unit power factor, while
in Fig. 20 (b) the active and reactive power is represented
when a step from 1000 VAr to 2000 VAr is introduced in the
reactive power reference, keeping the active power reference at
2000 W. As can be proved, both the active and reactive power
track the desired references and exhibit similar dynamics in the
experimental setup and in the model built in Simulink. The
differences observed are due to the harmonics introduced by
the test bench machine. As it is a low power machine, 5 kW,
the construction techniques used in its manufacture differ from
those used in high power machines, so that harmonics are not
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(a)

(b)

Fig. 19. Experimental and simulation step-response at Ωm=1050 rpm:
(a) active power step response and (b) reactive power step response.

completely eliminated. These effects are not included in the
Simulink model.

Finally, the system response to grid frequency variations
is analyzed to demonstrate that the proposed droop control
strategy provides frequency support. Fig. 21 shows the active
power evolution at 1050 rpm and 1470 rpm, when a grid
frequency variation is produced. In Fig. 21 (a) the active
power is represented when a frequency variation from 50 Hz
to 49.6 Hz is produced operating at 1050 rpm, while in
Fig. 21 (b) the active power is plotted when a frequency
deviation from 50 Hz to 50.4 Hz is produced at 1470 rpm.
As can be observed, when the frequency decreases the output
power increases, while when the frequency increases the
output power decreases. The output power varies according
to the defined P-ω droop coefficient, mp. A droop coefficient
mp equal to 5 % has been defined, and a frequency variation
equal to 0.8 % has been produced so the output power should
vary by 16 %. As can be seen in Fig. 21, the power varies
around 800 W which is equivalent to 16 % of the rated power.
Therefore, it is shown that the proposed control provides the
desired frequency support to grid frequency variations.

(a)

(b)

Fig. 20. Experimental and simulation step-response at Ωm=1470 rpm:
(a) active power step response and (b) reactive power step response.

(a)

(b)

Fig. 21. Experimental and simulation response to grid frequency varia-
tions: (a) at Ωm=1050 rpm, and (b) at Ωm=1470 rpm.
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The experimental results demonstrate that the control so-
lutions proposed in Section IV allow to stabilize the system
response at all rotational speeds and at all active and reactive
power levels. Furthermore, by optimizing the control param-
eters, a fast and damped active and reactive power response
is achieved. Finally, the system response to grid frequency
variations demonstrates the capability of the proposed droop
control strategy to provide frequency support.

VI. CONCLUSION

This paper proposes the application of a single-loop droop
control strategy to a grid-connected DFIG wind turbine, unlike
the conventional approach where inner control loops are typ-
ically used. However, as shown in the paper, the application
of the conventional droop control without inner control loops
to DFIG-based wind power systems does not ensure a stable
response. After modeling the system dynamics and evaluating
its stability, two causes of instability are identified; a resonance
at the rotor electrical frequency, relevant at high slips, and
a phase margin reduction at low slips. To address these
instability issues, two control solutions are suggested. The first
solution involves emulating a virtual resistor that damps the
resonance that causes the instability at high slips. The second
solution consists in the introduction of a rotation that increases
the phase margin in the most restrictive eigenvalue, solving the
second cause of instability. As experimental results show, the
combination of both control solutions allows stabilizing the
system and achieving a fast and damped dynamic response at
all rotational speeds and at all active and reactive power levels.
Therefore, the paper demonstrates that it is feasible to apply
a single-loop droop control strategy to a DFIG wind turbine.
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